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Many cells die by apoptosis during animal de-
velopment. Apoptotic cells are rapidly removed
through phagocytosis by their neighbors or by
macrophages. To genetically dissect this pro-
cess, we performed an in vivo screen for genes
required for efficient phagocytosis of apoptotic
cells byDrosophilamacrophages and identified
pallbearer (pall), which encodes an F box pro-
tein. F box proteins generally provide substrate
specificity to Skp Cullin F box (SCF) complexes,
acting as E3 ligases that target phosphorylated
proteins to ubiquitylation and degradation via
the26Sproteasome.Weshowed thatPallbearer
functions in an SCF-dependent manner and
provided direct evidence of a role for ubiquityla-
tion and proteasomal degradation in phago-
cytosis of apoptotic corpses in vivo. This work
might further our understanding of the regula-
tion of apoptotic cell engulfment and thus our
understanding of innate immunity as a whole.
INTRODUCTION
Apoptosis is a genetically controlled cell-death program
that maintains homeostasis during animal development
(Raff et al., 1994; Wyllie et al., 1980). The orderly removal
of resulting ‘‘apoptotic’’ cells is achieved by ‘‘profes-
sional’’ phagocytes, such as macrophages and neutro-
phils, or bystander ‘‘nonprofessional’’ phagocytes that
can swiftly recognize, engulf, and digest them in a process
known as phagocytosis (deCathelineau and Henson,
2003; Franc, 2002). Failure to clear apoptotic cells might
result in developmental defects, inflammation, or auto-
immune diseases (Cohen et al., 2002; Gaipl et al., 2006;
Pittoni and Valesini, 2002). The characterization of a large
variety of receptors and ligands required for the clearance
of apoptotic corpses by mammalian phagocytes has pro-
vided us with increasing evidence for redundancy and
complexity in the molecular mechanisms involved, which
consequently remain poorly understood (Franc, 2002; Sa-
vill et al., 2002). Thus, turning to simpler model organismsprovides us with a unique opportunity to tackle these
problems by using genetics.
In C. elegans, genetic studies have unraveled two major
pathways that are composed of theC.elegansdeath genes
CED-1, CED-6, and CED-7 and CED-2, CED-5, CED-10,
and CED-12 and that converge onto the activation and reg-
ulation of the small GTPase Rac ortholog, CED-10, and
thereby actin cytoskeleton rearrangement during clear-
ance of apoptotic cells (Kinchen et al., 2005; Zhou et al.,
2004). The orthologs of all ced genes play a similar role in
phagocytosis of apoptotic cells in mammals (Mangahas
and Zhou, 2005). CED-1, a scavenger-related receptor, is
found on the engulfing cell and clusters at the site of mem-
brane binding to the apoptotic corpse (Zhou et al., 2001).
CED-7, an ATP-binding cassette transporter, is found on
apoptotic cells and is believed to act on them by exposing
a phospholipid ligand onto their cell surface and on nearby
engulfing cells in which it is required for CED-1 clustering
(Wu and Horvitz, 1998b). CED-6, an adaptor protein, acts
downstream of CED-1 and CED-7, although its function re-
mains unclear (Liu and Hengartner, 1998). CED-5 belongs
to a family of proteins including its mammalian and Dro-
sophila orthologs DOCK180 and Myoblast city, respec-
tively. It interacts with CED-2 (CrkII), a signaling molecule,
as well as CED-12, a protein with a pleckstrin homology
(PH) domain, that acts as an unconventional guanine ex-
change factor of CED-10 (Gumienny et al., 2001; Reddien
and Horvitz, 2000; Tosello-Trampont et al., 2001; Wu and
Horvitz, 1998a; Wu et al., 2001). Recently, a role for Dyn-
1, theC. elegans ortholog of dynamin, was found in vesicle
recruitment and fusion to extending pseudopods and in
maturation of phagosomes around apoptotic cells (Yu
et al., 2006). Through pursuit of biochemical studies in
mammalian cells, other interacting components acting up-
stream of the Rac pathway, such as RhoG (homolog of
Mig2 in C. elegans) and Trio (homolog of Unc73 in C. ele-
gans), have alsobeencharacterized (deBakker et al., 2004).
In Drosophila embryos, macrophages, glial cells, and
epithelial cells all clear apoptotic cells (Pazdera et al.,
1998; Sonnenfeld and Jacobs, 1995; Tepass et al.,
1994). We previously showed that Croquemort (Crq),
a CD36-related receptor expressed in macrophages, is re-
quired for efficient phagocytosis of apoptotic cells during
embryogenesis (Franc et al., 1996; Franc et al., 1999).
CD36, its mammalian counterpart, was the first receptor
identified to play a role in clearance of apoptotic cellsImmunity 27, 585–596, October 2007 ª2007 Elsevier Inc. 585
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Engulfment-Specific Drosophila Pall-SCF Complex(Ren et al., 1995; Savill et al., 1992). Draper (Drpr), a Dro-
sophila receptor molecule with EGF repeats and homolo-
gies to CED-1, is expressed in glial cells and macrophages
and was also found to play a role in phagocytosis of apo-
ptotic cells in cultured cells and in vivo in the embryo (Awa-
saki et al., 2006; MacDonald et al., 2006; Manaka et al.,
2004). More recently, both Drpr and the Drosophila homo-
log of CED-6, dCed-6, were implicated in axon pruning
(Awasaki et al., 2006; MacDonald et al., 2006). Together,
these studies highlighted conservation in the molecular
mechanisms of phagocytosis of apoptotic cells in the fly
and promoted Drosophila as a suitable model organism
for genetic dissection of this process.
In search for other genes required for phagocytosis of
apoptotic cells by macrophages, we took an unbiased
approach by carrying out a deficiency screen of the Dro-
sophila autosomes and identified pallbearer (pall), a gene
encoding an F box protein. F box proteins generally pro-
vide substrate specificity to Skp-Cullin-F-box (SCF) com-
plexes, which act as E3 ligases promoting ubiquitylation
of phosphorylated proteins and their subsequent degrada-
tion via the 26S proteasome. We showed that Pallbearer
(Pall) and three members of a SCF-E2 ligase complex,
SkpA, Lin19 (also known as dCul1), and Effete (or UbcD1),
were required for efficient phagocytosis. Furthermore,
macrophage-specific loss-of-function of genes encoding
two proteasome subunits markedly reduced their ability
to clear apoptotic corpses. Thus, our results demonstrate
a direct role for ubiquitylation and proteasomal degrada-
tion in phagocytosis of apoptotic corpses in vivo.
RESULTS
Df(3L)AC1 and PJ2B8 Mutant Macrophages
Are Defective in Phagocytosis of Apoptotic Cells
Acridine orange (AO) stains all apoptotic cells in the Dro-
sophila embryo, including cells that were engulfed by
macrophages (Abrams et al., 1993). Here, we showed that
AO-stained apoptotic corpses were clustered because
each macrophage engulfed several corpses (Figure 1A).
We screened for deficiency mutants that lack such clusters
and that might be defective in macrophage-dependent
clearance in vivo (data not shown). We identifiedDf(3L)AC1,
a deletion mutant of the 67A-D genomic region, in which
AO-stained corpses were found at wild-type numbers
throughout the embryo, but without clustering in macro-
phages (Figure 1B).
To ascertain that macrophages were present and fully
differentiated in these Df(3L)AC1 mutant embryos, we
stained embryos with the Croquemort antibody (Crq Ab),
which specifically labels macrophages (Franc et al.,
1996). As in wild-type embryos,macrophages inDf(3L)AC1
homozygous embryos expressed Crq, migrated through-
out the embryo and clustered in the vicinity of apoptotic
cells; these findings argue that the lack of clusters of
apoptotic cells was unlikely to be a consequence of mac-
rophages failing to form, differentiate, or migrate (compare
Figures 1C and 1D, and Figures S1A and S1B in the Sup-
plemental Data available online).586 Immunity 27, 585–596, October 2007 ª2007 Elsevier Inc.To further assess the Df(3L)AC1 phagocytosis pheno-
type, we stained embryos with the Crq Ab to detect mac-
rophages and 7-amino actinomycin D (7-AAD), which
labels all regular nuclei and more brightly stains con-
densed apoptotic corpses. This allowed us to assess
and quantify apoptotic-corpse engulfment by macro-
phages and calculate the mean number of engulfed apo-
ptotic corpses per macrophage, or phagocytic index (PI)
(Franc et al., 1999).Df(3L)AC1 mutant macrophages failed
to efficiently engulf apoptotic corpses with a PI of 0.90 ±
0.19 and remained small, whereas wild-type macrophages
typically contained 2.96 ± 0.39 and appeared on average
1.5 to 3-fold larger in size (compare Figures 1E and 1F).
Thus, Df(3L)AC1 mutant macrophages resembled the
phagocytosis-defective macrophages of crq-deficient
embryos (Franc et al., 1999).
In an attempt to uncover the gene responsible for the
phagocytosis defect seen in the Df(3L)AC1 deficiency,
we screened single P element insertions within its genomic
interval for a similar phenotype. We identified P(lacW)Uch-
L3j2B8 (Pj2B8) with such a phagocytosis defect (Figures 1G
and 1H). Although Pj2B8 homozygous mutant macro-
phages expressing Crq migrated throughout the embryo
(compare Figures 1C and 1G), seeking out apoptotic corp-
ses as previously observed in Df(3L)AC mutant embryos
(Figure 1D and Figure S1B), they failed to efficiently engulf
the corpses (compare Figures 1E and 1H). Pj2B8 mutant
macrophages showed a 63% reduction in phagocytosis,
with a PI of 1.09 ± 0.22 compared to 2.96 ± 0.39 in wild-
type macrophages. The small size ofPj2B8mutant macro-
phages is likely to be a consequence of their failure to
engulf apoptotic corpses rather than its cause because
when Pj2B8 mutant embryos were injected with fluores-
cently labeled acetylated-low density lipoproteins (diI-
AcLDLs), mutant macrophages endocytosed this scaven-
ger receptor ligand and appeared similar in size to wild-
type macrophages (compare Figures S1C and S1D and
Figures S1E and S1F). Their ability to respond to develop-
mental cues and migrate throughout the embryo, as well as
perform endocytosis of diI-AcLDLs, attested to their fully
differentiated state. Thus, Pj2B8 mutant macrophages
are specifically defective in their ability to efficiently engulf
apoptotic cells.
Pj2B8 Is a Loss-of-Function Mutation of Both
CG3654 and CG3428, but Not of Uch-L3
We confirmed that Pj2B8 is a single lethal P element inser-
tion upstream of the Drosophila ortholog of Uch-L3,
a gene encoding an ubiquitin C-terminal hydrolase (Berke-
ley Drosophila Genome Project, data not shown and
Figure 2A). Trans-heterozygous embryos for Pj2B8 and
Df(3L)AC1 also failed to efficiently engulf apoptotic cells
(Figure 2B). Thus, Pj2B8 probably acts as a genetic null
mutation that mimics the deficiency phenotype. We mobi-
lized the P element Pj2B8 to obtain excision lines. Eigh-
teen out of nineteen excision lines assayed were precise
excisions and had lost their phagocytosis phenotype, indi-
cating that the Pj2B8 insertion itself was responsible for
the phagocytosis defect observed (data not shown and
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Engulfment-Specific Drosophila Pall-SCF ComplexFigure 1. Df(3L)AC1 and Pj2B8 Are
Phagocytosis of Apoptotic-Cell-Defec-
tive Mutants
(A) and (B) show lateral views of AO-stained (A)
wild-type and (B) Df(3L)AC1 embryos (taken at
203). Bright clusters of AO-stained engulfed
corpses can be seen in the wild-type, whereas
AO-stained apoptotic cells in Df(3L)AC1 em-
bryos do not cluster and appear weaker in in-
tensity of staining (see insets). Shown in (C),
(D), and (G) are confocal micrographs of wild-
type, Df(3L)AC1, and Pj2B8 homozygous em-
bryos, respectively, stained with Crq Ab (green)
and 7-AAD (red) (projections of 12 images).
Dotted white circles outline the size of single
macrophages. Shown in (E), (F), and (H) are
close-up views of individual macrophages
taken from (C), (D), and (G), respectively. White
asterisks indicate fully engulfed corpses. Scale
bars in (C), (D), and (G) and (E), (F), (H) corre-
spond to 10 and 5 mm, respectively. Results
are representative of at least three indepen-
dent experiments.Figure 2C). When homozygous, one imprecise excision,
M10, exhibited a strong defect in phagocytosis of apopto-
tic cells with a PI of 1.16 ± 0.29 (Figure 2D). M10 deleted
CG3654 and CG3428, two genes adjacent to Uch-L3,
but not Uch-L3 itself (Figure 2E, and Figure S2). Further-
more, the expression of both CG3654 and CG3428 was
abolished in Pj2B8 homozygous embryos, and in trans-
heterozygous embryos for Pj2B8 and M10, even though
the Pj2B8 insertion is quite distant from CG3428 (Fig-
ure 2E). Trans-heterozygous macrophages for Pj2B8 and
M10 had a similar engulfment-defect to that ofM10 homo-
zygous embryos with a PI of 1.04 ± 0.19 versus 1.16 ±
0.29, respectively, demonstrating that Pj2B8 behaved as
a genetic null allele. Neither Pj2B8 nor M10 affected the
expression of Uch-L3, despite Pj2B8 being inserted up-stream of Uch-L3 (Figure 2E). Thus, both M10 and Pj2B8
are double loss-of-function (LOF) mutants of CG3654
and CG3428 but are wild-type for Uch-L3.
CG3654 encodes a protein with sequence homology to
a mammalian phosphatidylserine receptor (PSR), which
was previously reported to play a role in clearance of apo-
ptotic cells in mice (Fadok et al., 2000). These findings,
however, were refuted when PSR-deficient mice failed to
exhibit a phagocytosis defect (Bose et al., 2004). CG3654
(PSR-like) could have been an interesting potential phago-
cytic gene, but we could not detect its expression in mac-
rophages, although it was strongly expressed in the CNS
(Figure S3). Therefore, it was an unlikely candidate gene.
CG3428, which encodes an F box protein of unknown func-
tion, however, was strongly expressed in embryonicImmunity 27, 585–596, October 2007 ª2007 Elsevier Inc. 587
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Engulfment-Specific Drosophila Pall-SCF ComplexFigure 2. Pj2B8 Acts as a Loss-of-Func-
tion Mutation of CG3654 and CG3428
(A) A schematic of the Df(3L)AC1 genomic
region.
(B–D) Projected confocal micrographs of (B)
Pj2B8, (C) M25, and (D) M10 embryos stained
with Crq Ab (Green) and 7-AAD (red). M25
and M10 are precise and imprecise excision
lines of Pj2B8, respectively. Scale bars repre-
sent 10 mm. In (B), Pj2B8 macrophages are
poorly phagocytic and small. In (C), homozy-
gous macrophages for M25 exhibit wild-type
phagocytosis of apoptotic cells. In (D), M10
macrophages deleted for both CG3654 and
CG3428 (see Figure S1) are phagocytosis de-
fective.
(E) Semiquantitative RT-PCRs. Lanes 1 and 8
are control RT-PCRs on cDNAs of wild-type
embryos. RP49 or Uch-L3 primers were used
as controls on cDNAs in lanes 1–7 and lanes
1–11, respectively. RT-PCRs on cDNAs of
(lane 2) Df(3L)AC1, (lane 3) Pj2B8 mutant em-
bryos, (lanes 4–6) three Pj2B8-derived precise
excision lines, and (lanes 7 and 9) M10 mutant
embryos and (lane10) on cDNAs of trans-het-
erozygous for the Pj2B8 and M10 alleles are
shown. In lane 11 is a control RT-PCR without
cDNA. Products indicated with red asterisks in
lanes 7 and 9 represent maternal contributions
of CG3654 and CG3428, respectively. Results
are representative of at least three indepen-
dent experiments.macrophages, as is crq (compare Figures 3A and 3B), as
well as in other embryonic tissues, unlike crq (Figure 3B).
This suggested that CG3428 could be responsible for the
phagocytosis-defective phenotype. Two viable P element
insertions near CG3428, namely P(GT1)CG3428GT-000558
(CG3428GT) at position +260 bp from its initiation of tran-
scription site and PBac(RB)CG3428e00275 (CG3428PB) at
position 523 bp, were generated (Berkeley Drosophila
Genome Project). Both homozygous mutants had a
phenotype similar to Df(3L)AC1 and Pj2B8, with small and
poorly phagocytic macrophages, and PIs of 1.1 ± 0.29
and 1.21 ± 0.14, respectively (compare Figures 3D and
3E with wild-type in Figure 3C). In mRNA expression stud-
ies, CG3428GT behaved as a complete LOF mutation of
CG3428, and a partial LOF of the CG3654, whereas
CG3428PB expressed low levels of CG3428 but wild-
type amounts of CG3654 (Figure 3F). Together, all of these
results suggest that CG3428, the gene encoding the F box
protein, is the gene required for efficient phagocytosis of
apoptotic cells.
CG3428 or pallbearer Is Required in Macrophages
for Efficient Phagocytosis of Apoptotic Cells
In order to test the ability of CG3428 to rescue the pheno-
type of Pj2B8, we generated transgenic lines encoding its588 Immunity 27, 585–596, October 2007 ª2007 Elsevier Inc.full-length cDNA isoform (UAS-CG3428L). We recom-
bined Pj2B8 onto a crq-Gal4, UAS-eGFP chromosome
that allowed for the GFP labeling of macrophages. As ex-
pected, Pj2B8, crq-Gal4, UAS-eGFP homozygous macro-
phages (which were stained with a GFP Ab and 7-AAD)
poorly engulfed apoptotic cells with a PI of 1.42 ± 0.42
(Figures 4A and 4C). We generated a Pj2B8, crq-gal4,
UAS-eGFP line that was homozygous for the UAS-
CG3428L transgene, allowing the specific re-expression
of the F box-encoding gene in mutant macrophages under
the control of the crq-gal4 driver. GFP expression driven
from the crq-gal4 driver was dose sensitive. Embryos
that received only one copy of crq-Gal4, UAS-eGFP
showed weak GFP expression in vivo, whereas those
that received two copies and were therefore Pj2B8 mu-
tants strongly expressed GFP, allowing for the manual
sorting of homozygous mutant embryos; the sorting was
based on their strong in vivo macrophage-GFP expression
prior to fixation (see Experimental Procedures). Mutant
macrophages that re-expressed CG3428 appeared fully
rescued because most contained numerous apoptotic
corpses (PI = 3.59 ± 0.49) (Figures 4B and 4C). Together,
these results demonstrate that CG3428 is required in em-
bryonic macrophages for efficient phagocytosis of apo-
ptotic cells and argue that it alone is responsible for the
Immunity
Engulfment-Specific Drosophila Pall-SCF ComplexFigure 3. CG3428 Encodes an F Box Pro-
tein Expressed in Macrophages with a
Putative Function in Phagocytosis of
Apoptotic Cells
(A and B) In situ hybridization on wild-type em-
bryos with crq or CG3428 RNA probes, re-
spectively. CG3428 is strongly expressed in
macrophages (white arrowheads), as is crq
(black arrowheads).
(C–E) Projected confocal micrographs of Crq
Ab (green) and 7-AAD (red)-stained yw (wild-
type) embryos (C) and CG3428PB (D) and
CG3428GT (E) homozygous embryos. Dotted
white circles outline the size of single isolated
macrophages. Scale bars represent 10 mm.
Both P element homozygous mutant embryos
have small macrophages that fail to efficiently
engulf apoptotic cells, with one or two at
most found inside each macrophage.
(F) Semiquantitative RT-PCRs were performed
with RP49 primers as a control or CG3654 or
CG3428 primers on cDNAs of wild-type,
CG3428PB, CG3428GT, and Pj2B8 mutant em-
bryos. Results are representative of at least
three independent experiments.phagocytosis defect seen in Pj2B8. We propose to re-
name this F box-encoding gene pallbearer (pall) because
its mutant phenotype is reminiscent of the crq deficiency
phenotype (Franc et al., 1999).
Pallbearer Physically Interacts via its F Box
Domain with SkpA
F box proteins are generally part of multiprotein SCF com-
plexes, which act as E3 ubiquitin ligases (Ho et al., 2006).
In human, SCF complexes are composed of three core
proteins, Skp1, Cullin1, and an F box protein that provides
substrate specificity to the complex (Skowyra et al., 1997).
The targeted substrate generally has to be phosphory-
lated prior to its recognition by the F box protein and is
subsequently ubiquitylated and degraded via the 26S
proteasome (Skowyra et al., 1997).
In Drosophila, six Skp1 homologs have been identified;
among these homologs, SkpA is the only one strongly ex-
pressed in the embryo (Murphy, 2003). SkpA was previ-
ously shown to physically interact with Lin19 (also known
as dCul1) and at least one other F box protein, Slimb
(Bocca et al., 2001). To determine whether Pallbearer
(Pall) might act together with SkpA to promote the phago-
cytosis of apoptotic cells, we assessed the phenotype of
a null mutant of skpA, namely skpA1 (Murphy, 2003). Wefound that they had a phagocytosis-defective phenotype
similar to that of Pj2B8 embryos (PI = 1.15 ± 0.2 versus
1.42 ± 0.42 in Pj2B8, and 2.96 ± 0.36 in wild-type) (com-
pare Figures 5A and 5B), as did embryos lacking one
copy of skpA and one copy of pall; such embryos had
a PI of 1.13 ± 0.21. Thus, we next addressed whether
Pall and SkpA might physically interact. We could coim-
munoprecipitate both V5-tagged SkpA and endogenous
SkpA with HA-tagged Pall expressed in Schneider S2
cells, a Drosophila blood cell line with macrophage prop-
erties (Figures 5C and 5D). A mutant form of Pall that was
deleted for its F box domain (PallDF), however, could no
longer interact with SkpA, consistent with previous find-
ings that Skp and F box protein interactions are mediated
via the F box domain (Figure 5C). Thus, Pall physically
interacts via its F box domain with SkpA.
The Pallbearer-SCF Complex and Proteasomal
Degradation Promote Phagocytosis
of Apoptotic Cells
To test whether SkpA and Pall act as part of an SCF com-
plex, we assessed whether Lin19 was also involved in
phagocytosis of apoptotic cells. We found that macro-
phages of lin19K01207, a null mutant of lin-19, failed to effi-
ciently engulf apoptotic corpses (PI = 1.06 ± 0.09) (FiguresImmunity 27, 585–596, October 2007 ª2007 Elsevier Inc. 589
Immunity
Engulfment-Specific Drosophila Pall-SCF ComplexFigure 4. CG3428 or pall Is Required in
Macrophages for Efficient Phagocytosis
of Apoptotic Cells
(A and B) Confocal micrographs of GFP-ex-
pressing Pj2B8 macrophages (A) and GFP-ex-
pressing Pj2B8 macrophages re-expressing
UAS-CG3428L (B) under the control of a crq-
Gal4 driver. Scale bars represent 10 mm. Mac-
rophages are labeled with GFP Ab (Green). 7-
AAD stains all nuclei and apoptotic cells (red).
Specific re-expression of UAS-CG3428L in
macrophages rescues the Pj2B8 phagocytosis
defect because macrophages in (B) engulf
many apoptotic corpses compared to those
seen in (A) that engulf poorly.
(C) Summary of the quantification of PIs of
wild-type yw embryos, homozygous Df(3L)AC1,
Pj2B8, andM10embryos,heterozygousembryos
for Pj2B8 and M10, homozygous CG3428GT
and CG3428PB embryos, and Pj2B8 embryos
carrying both crq-Gal4 and UAS-eGFP, as well
as the macrophage-specific rescue experiment
of Pj2B8 embryos with UAS-CG3428L encoding
full-length Pall. Error bars represent the mean
PI ± SD. The number of quantified macrophages
per genotype is indicated within each bar. In a t
test, p values for all mutants when compared to
wild-type were statistically significant (p <
0.00014). There was no significant difference
between wild-type and fully rescued embryos
(p = 0.028). Results are representative of at least
three independent experiments.6A and 6E). These results provide evidence that an SCF
complex composed of SkpA, Lin19, and Pall is required
for efficient phagocytosis of apoptotic cells by embryonic
macrophages in vivo.
Lin19 was also shown to physically interact with Effete
(also known as UbcD1), an E2 ubiquitin-conjugating en-
zyme, to form a functional SCF-E2 complex with SkpA
(Bocca et al., 2001). We found that loss-of-function
mutant embryos of the effete (eff) gene, eff8, had macro-
phages that were also phagocytosis defective (PI of 1.04 ±
0.13) (Figures 6B and 6E). Thus pall, skpA, lin19, and eff
mutant macrophages all share similar phagocytosis
defects, and such a finding argues that ubiquitylation plays
a role in regulating this process. Interestingly, both Pj2B8
and eff null mutants were previously proposed to geneti-
cally interact in one other study. In this study, overexpres-
sion in the Drosophila eye of various mutant forms of the
human spinocerebellar ataxin type-1 protein (Sca1) was
shown to trigger a degeneration phenotype (Fernandez-
Funez et al., 2000). In a genetic screen for modifiers of
this phenotype,Pj2B8and mutations ineffwere both found
to enhance this degeneration phenotype (Fernandez-
Funez et al., 2000). We also found a genetic interaction
between Pj2B8 and eff8 because trans-heterozygous mu-
tant macrophages engulfed poorly with a PI of 1.15 ± 0.24.590 Immunity 27, 585–596, October 2007 ª2007 Elsevier Inc.To further address the potential role for proteasomal
degradation in phagocytosis of apoptotic corpses down-
stream of the Pallbearer-SCF complex (Pall-SCF), we
made use of two previously characterized transgenes,
UAS-DTS5 and UAS-DTS7, that encode temperature-
sensitive dominant-negative forms of the 26S proteasome
subunits 26’ (Pros26’) and b2 (Prosb2), respectively, which
we specifically expressed in embryonic macrophages un-
der the control of the crq-gal4 driver at 29C (Belote and
Fortier, 2002). We observed a strong phagocytosis defect
in embryonic macrophages carrying two copies of crq-
gal4 and two copies of UAS-DTS5 and UAS-DTS7 trans-
genes (PI of 0.95 ± 0.2), and such a defect was similar to
that seen in all mutants of the Pall-SCF complex (Figures
6C and 6E). Although no defect could be observed in em-
bryonic macrophages carrying one copy of crq-Gal4 and
one copy of UAS-DTS5 and UAS-DTS7 at 29C (PI =
3.27 ± 0.17), we observed a strong engulfment defect in
similar embryos in which one copy of the pall insertion mu-
tations CG3428PB or CG3428GT were introduced, with
PIs of 1.40 ± 0.28 and 1.54 ± 0.41, thus demonstrating
a genetic interaction between pall and mutant alleles of
the 26S proteasome (Figure S4).
Another SCF complex composed of SkpA, Lin19, and
Slimb was shown to be required for the downregulation
Immunity
Engulfment-Specific Drosophila Pall-SCF ComplexFigure 5. Pall and SkpA Physically Inter-
act and Are Both Required for Phagocy-
tosis of Apoptotic Cells
(A and B) Confocal micrographs of (A) wild-
type, and (B) SkpA1 homozygous mutant
macrophages, respectively. Macrophages were
stained with Crq Ab (green) and apoptotic cells
stained with 7-AAD (red). Results in (A) and (B)
are representative of at least three indepen-
dent experiments.
(C and D) Crude protein extracts of transiently
transfected S2 cells expressing V5-SkpA and
HA-Slmb, HA-Pall, or HA-Pall DF were immu-
noprecipitated with an HA antibody and blot-
ted with a V5 antibody. V5-SkpA (18kDa) coim-
munoprecipitates with HA-Slmb (93 kDa) and
HA-Pall (50 kDa) but not with HA-PallDF (45
kDa). A blue arrow indicates a nonspecific
band. Inputs are given by western blots on
crude extracts in which the expression of V5-
SkpA or endogenous SkpA is detected with
the V5 antibody (C) or SkpA antibody (D), re-
spectively. In (D), the immunoprecipitations
were carried out with the HA antibody and
blotted with the SkpA antibody for detection
of endogenous SkpA. HA-Pall coimmunopre-
cipitated with endogenous SkpA, whereas
HA-PallDF did not. Results in (C) and (D) are
representative of two independent experiments.of the antimicrobial response in innate immunity because
mutation in any component of this complex led to consti-
tutive expression of antimicrobial peptides downstream
of the immune deficiency (imd) pathway (Khush et al.,
2002). However, macrophages of null mutant of slimb,
namely slmb00295, did not exhibit any significant defect
in phagocytosis of apoptotic corpses, with a PI of 2.72 ±
0.45 (Figures 6D and 6E). This result demonstrates that
different SCF complexes can regulate various aspects of
innate immunity via the specificity of their F box proteins.
Pall represents an engulfment-specific subunit of the SCF
complex and cannot be replaced by Slimb.
Pallbearer Is Not Essential for Phagosome
Formation, Phagosome Maturation,
or Apoptotic-Corpse Degradation
In mammalian systems, a role for ubiquitin and protea-
somes in phagosome maturation during FcgRIIa recep-
tor-mediated phagocytosis of opsonized latex beads
has been described. Indeed, during this phagocytic event,
ubiquitylation is required for the formation of acidic multi-
vesicular structures. The genes involved in this ubiquityla-
tion or encoding its targets, however, are still unknown
(Lee et al., 2005). To address whether the Pall-SCF com-
plex might be involved in a similar process, we assessed
the Pj2B8 mutant macrophages at their ultrastructural
level by electron microscopy (compare wild-type in Fig-
ure 7A with Pj2B8 mutant macrophages in Figure 7B). As
observed by confocal microscopy, Pj2B8 macrophages
appeared to effectively seek out apoptotic corpses (Fig-
ure 7C) with intense ruffling of their plasma membrane(Figure 7D) but rarely engulfed more than one or two apo-
ptotic corpses (Figure 7B), whereas wild-type macro-
phages often engulfed three to four apoptotic corpses
each (Figure 7A). Intense membrane ruffling was also ob-
served in Pj2B8 macrophages during endocytosis of diI-
AcLDLs (Figure S1D). We could not detect any obvious
defect in the ability of Pj2B8 macrophages to promote
subsequent degradation of apoptotic corpses because
Pj2B8 macrophages almost fully degraded the apoptotic
corpses they had engulfed (see black arrow in Figure 7B).
This result argues that their phagosome maturation effec-
tively proceeds, although we cannot exclude that it might
do so at a slower pace or by using alternative mechanisms
in the absence of Pall. Our findings demonstrate a require-
ment for the ubiquitin-proteasome pathway in phagocyto-
sis of apoptotic cells.
DISCUSSION
We took an unbiased genetic approach to screen for
Drosophila genes and pathways required for phagocyto-
sis of apoptotic cells by embryonic macrophages. Indeed,
as yet, only a handful of molecules involved in this process
have been identified in the fly, including the two receptors
Croquemort and Draper, as well as the Drosophila homo-
log of CED-6 (dCed-6), but their functions still remain un-
clear (Awasaki et al., 2006; Franc et al., 1996; Franc et al.,
1999; MacDonald et al., 2006; Manaka et al., 2004). Here,
we report the characterization of a new Drosophila gene,
pall, whose mutants exhibit a strong phagocytosis defect,
in which macrophages fail to efficiently engulf apoptoticImmunity 27, 585–596, October 2007 ª2007 Elsevier Inc. 591
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Engulfment-Specific Drosophila Pall-SCF ComplexFigure 6. A Novel SCF Complex Com-
posed of Pall, SkpA, Lin19, and Eff and
Proteasomal Degradation Are Required
for Phagocytosis of Apoptotic Cells
(A–D) Confocal micrographs of a stage13 (A)
lin19k01207 and (B) eff8 null mutant embryo, (C)
a similarly staged embryo expressing two cop-
ies of dominant-negative forms of the two pro-
teasome subunits specifically in macrophages
(under the control of two copies of a crq-Gal4
driver), and a (D) slmb mutant embryo. All em-
bryos were stained with the Crq antibody
(green) and 7-AAD (red). In (A)–(C), embryos
display a reduction in their macrophages’ abil-
ity to efficiently engulf multiple apoptotic corp-
ses, whereas Slmb mutant macrophages in (D)
are wild-type for phagocytosis. Scale bars in
(A)–(D) represent 10 mm.
(E) Summary of the quantification of PIs of wild-
type yw embryos, skpA1, lin19k01207, and eff8
homozygous mutant embryos, skpA1/+;+;
Pj2B8/+ and eff8/Pj2B8 trans-heterozygous
embryos, embryos homozygous for the crq-
Gal4 driver and both UAS-DTS5 and UAS-
DTS7, and slmb00295 homozygous mutant
embryos. Error bars represent the mean PI ±
SD. In a t test, p values for all mutants except
for slimb mutant when compared to wild-type
were statistically significant (p < 0.00011). There
was no significant difference between wild-type
and slmb00295 embryos (p = 0.19). Results are
representative of at least three independent
experiments.cells. pall encodes an F box protein expressed in macro-
phages. It is required in these cells for their efficient en-
gulfment of apoptotic corpses. We further demonstrate
that Pall physically interacts via its F box domain with
SkpA and that these two molecules function together
with Lin19 and Effete, thereby identifying a unique SCF
complex acting as an E3-ubiquitin ligase that targets spe-
cific proteins to degradation via the proteasome. Indeed,
we further showed that macrophage-specific expression
of dominant-negative forms of the 26 kDa (DTS5) and b2
(DTS7) subunits of the proteasome also prevented effi-
cient phagocytosis of apoptotic cells, thus providing evi-
dence for a direct role for proteasomal degradation via
the 26S pathway in regulating the phagocytic machinery
of apoptotic cells in vivo. Thus, we propose a model in592 Immunity 27, 585–596, October 2007 ª2007 Elsevier Inc.which the Pall-SCF complex promotes the ubiquitylation
of an as-yet-unidentified phosphorylated substrate that
binds to Pall. This ubiquitylated substrate is then de-
graded via the 26S proteasome, and its degradation
thereby promotes efficient phagocytosis.
In eukaryotes, the ubiquitin-proteasome pathway plays
a critical and specific role in promoting protein degrada-
tion, thus regulating key biological processes as general
as cell-cycle progression and transcriptional regulation
and as specific as memory, synaptic plasticity, and circa-
dian rhythms (Glickman and Ciechanover, 2002). The
ubiquitin-proteasome pathway is also involved in antigen
processing (Kloetzel and Ossendorp, 2004) and pro-
grammed cell death (Friedman and Xue, 2004) and plays
a role in eliminating cells expressing potentially harmful
Immunity
Engulfment-Specific Drosophila Pall-SCF ComplexFigure 7. The Pall-SCF Complex Is Not
Required for Phagosome Formation and
Phagosome Maturation or Apoptotic-
Corpse Degradation
(A–D) EM micrographs of (A) a yw (wild-type)
macrophage and (B–D) Pj2B8 homozygous
mutant embryonic macrophages. Scale bars
in (A)–(C) represent 5 mm and represent 2 mm
in (D). A black arrow in (B) indicates an almost
fully degraded engulfed apoptotic corpse in-
side a Pj2B8 mutant macrophage. The inset
in (C) is shown at higher magnification in (D)
and highlights the intense membrane ruffling
observed in mutant macrophages seeking out
and surrounding an apoptotic corpse (AC).
‘‘N’’ indicates the nuclei of macrophages. Re-
sults are representative of two independent ex-
periments.abnormal proteins as the result of mutation, misfolding, or
postsynthetic damage (Kostova and Wolf, 2003). In Dro-
sophila, a role for the ubiquitin-proteasome pathway has
been found in the regulation of circadian rhythm, apopto-
sis, and innate immunity (Khush et al., 2002; Koh et al.,
2006; Wing et al., 2002). Here, we demonstrate a new
physiological role for the ubiquitin-proteasome pathway
in promoting efficient phagocytosis of apoptotic cells in
Drosophila via the Pall-SCF complex.
In mammalian systems, both ubiquitylation and the pro-
teasome have been implicated in the regulation of phago-
some maturation, but the precise molecular mechanisms
controlling this process are not known because neither
the ubiquitin ligase nor its substrate for degradation
have yet been identified (Lee et al., 2005). Whereas the
Pall-SCF complex would have been a potentially interest-
ing candidate E3 ligase, we found that it is not essential for
phagosome formation, maturation, or degradation in our
in vivo system. All mutants reported in the present study
fail to efficiently engulf apoptotic cells and have macro-
phages that are reduced in size, and this size reduction
is likely to be a consequence of their lack of engulfment.
Indeed, we previously observed similarly small macro-
phages in H99 mutant embryos that lack all apoptosis orin crq-deficient mutants that fail to phagocytose apoptotic
cells (Franc et al., 1999). However, we observed that when
pall mutant macrophages have occasionally engulfed two
apoptotic cells, one is often almost fully degraded,
whereas the other appears to have just been engulfed,
suggesting that the Pall-SCF complex could be involved
in membrane recruitment during phagocytosis. In con-
trast, endocytosis of scavenger receptor ligands by pall
mutant macrophages results in an increase in their size, in-
dicating that endocytosis is functioning properly. How-
ever, endocytosis and phagocytosis involve different
membrane trafficking events; thus, the Pall-SCF complex
might be specifically required for membrane recruitment
and subsequent macrophage enlargement during phago-
cytosis but not endocytosis. Alternatively, mutant macro-
phages for the Pall-SCF complex might be defective in
a putative phagocytosis-specific enlargement signal that
a first apoptotic cell-engulfment event might trigger.
We showed that the Pall-SCF complex has distinct
function and target specificity from another SCF complex
whose specificity is driven by another F box, Slimb. Slimb
controls the downregulation of antimicrobial peptides, al-
though its substrate for degradation in this process has
yet to be identified. The phosphorylation of F box proteinImmunity 27, 585–596, October 2007 ª2007 Elsevier Inc. 593
Immunity
Engulfment-Specific Drosophila Pall-SCF Complexsubstrate(s) for degradation makes their identification no-
tably difficult, and very few substrates of SCF complexes
have been identified thus far. We are using genetics and
proteomic studies to identify Pall-interacting proteins
that are likely to further our understanding of the molecular
mechanisms and cell biology underlying phagocytosis of
apoptotic cells.
EXPERIMENTAL PROCEDURES
Fly Strains
Fly stocks were from the Szeged and Bloomington Drosophila stock
centers, unless specified. skpA1, crq-Gal4, UAS-eGFP, UAS-DTS5,
and UAS–DTS7 flies were provided by T. Murphy (Carnegie Institution
of Washington, Baltimore, MD, USA) and by H. Agaisse and N. Perri-
mon (Harvard Medical School, Boston, MA, USA), and J. Belote (Syracuse
University, Syracuse, NY, USA), respectively. PBac(RB)CG3428e00275
(CG3428PB) was reannotated as PBac(RB)CG32036e00275 during the
course of this study. Lethal mutations were crossed to kr-GFP ex-
pressing balancer chromosomes, and homozygous mutant embryos
were manually sorted against GFP expression or detected by their
lack of GFP immunoreactivity. We generated UAS- transgenic flies
by injecting yw embryos with a solution containing 200 ng/ml of
UAS-constructs and 100 ng/ml of helper plasmids in 0.1 mM so-
dium-phosphate buffer at pH 6.8 containing 5 mM of KCl, by using
a Femtojet injector (Eppendorf). Fly stocks were maintained at 25C
in LMS600 incubators (unless otherwise stated) on standard medium.
Acridine Orange Staining
Embryos were collected and aged until reaching stage 13 (8.5–10.5 hr
after egg laying). Acridine orange (AO) staining was performed as
previously described (White et al., 2001).
Immunostaining
Staged embryos were fixed in 4% formaldehyde (TAAB) and stained
with Crq Ab (made in rabbit) alone, as previously described (Franc
et al., 1999) or with both Crq and GFP antibodies (mouse monoclonal
antibody, GIBCO) at 1:1000 and 1:4000 dilutions, respectively. rabbit
or mouse fluorescein-coupled secondary antibodies and rabbit Cy5
antibody (Jackson Laboratories) were used as secondary antibodies
at a 1:1000 dilution. 7-amino actinomycin D (7-AAD) staining was per-
formed as in (Franc et al., 1999). Stained embryos were mounted in
vectashield medium (Vector laboratories) and observed on a Bio-
Rad Radiance confocal microscope equipped with a Nikon upright
microscope with 253, 403, 603, and 1003 objectives. Images were
collected with Lasersharp 2000 and processed with Adobe Photoshop
4.0 or Image J 1.34 g.
P Element Mobilization
We mobilized the P element Pj2B8 by crossing it to a strain carrying the
transposase Delta2-3 transgene (w; CyO/Sp; ry[506], Sb, [delta2-
3]99B/TM6B). Virgin w; CyO or Sp/+; ry[506], Sb, [delta2-3]99B/
Pj2B8 females were crossed back to w; CyO/Bl; TM2/TM6B males.
Single males that resulted from this cross and that had lost the eye
color associated with the presence of Pj2B8 carrying a mini-white
transgene were crossed to virgin females of the following stock: w;
CyO/Bl; TM2/TM6B. Both viable and lethal balanced stocks were
established to be analyzed by immunostaining for phagocytosis as
described above.
Rescue Experiment
The Pj2B8 mutation was recombined onto a crq-gal4, UAS-eGFP
chromosome so that macrophages expressed cytoplasmic GFP under
the control of the crq-Gal4 driver. Pj2B8, crq-gal4, UAS-eGFP and
UAS-CG3428L; Pj2B8, crq-gal4, UAS-eGFP homozygous embryos
were dechorionated in 50% bleach, washed in ddH2O, and manually
sorted in mineral oil (Sigma) for their strong GFP expression (see594 Immunity 27, 585–596, October 2007 ª2007 Elsevier Inc.Supplemental Experimental Procedures). Sorted embryos were fixed
and stained with a GFP Ab and 7-AAD.
Statistical Analyses
PIs presented in graphs are average PIs calculated from confocal
images taken on five different embryos per genotype; from these
embryos, three confocal image stacks of 12 sections through macro-
phages per embryo were taken at 1003. SDs were derived from the PIs
calculated from all five embryos per genotype. All t tests comparing PIs
between wild-type and mutants returned statistically significant
p values of less than 0.00012. There was no significant statistical differ-
ence between PIs in wild-type (yw) and UAS-CG3428L; Pj2B8, crq-
gal4, UAS-eGFP (t test P value of 0.028) and slmb00295 embryos
(t test p value of 0.19).
Semiquantitative Reverse-Transcribed Polymerase
Chain Reactions
Each set of experiments was performed with an equivalent starting
material of a minimum of 30 sorted embryos. Embryos with appropri-
ate genotypes were manually sorted against GFP expression (as
mutations were kept as heterozygous viable with a KrGFP balancer)
with a Leica MZ FLIII fluorescent stereomicroscope with GFP filter.
Total mRNA was extracted with QIAGEN RNeasy mini kit and Qiash-
redder columns in accordance with the supplier’s protocol, including
an RNase-free DNase digestion step. RNA extracts were eluted in 30
ml of RNase-free water. First-strand cDNA synthesis was performed
with 8 ml of RNA extracts with the Superscript first-strand synthesis
for RT-PCR kit from Invitrogen. cDNA preparations totaling 2 ml were
used in PCRs with primers at 10 mM each and 12 ml of Platinum pfx
DNA polymerase supermix (Invitrogen). Primer sets (MWG Biotech
AG) are described in the Supplemental Experimental Procedures.
PCR cycles were as follows: 94C for 5 min for one cycle; 94C for
45 s, annealing at 55 or 56C for 45 s, extension at 72C for 1 min,
for 30 cycles; and a final extension of 10 min at 72C. 15 ml of each
PCR reaction were analyzed by gel electrophoresis.
In Situ Hybridization
To produce CG3654 RNA in situ probes, we performed RT-PCRs on
wild-type cDNA by using primer sets that included T3 and T7 se-
quences and are described in Supplemental Experimental Proce-
dures. For CG3428 RNA probes, we linearized 2 mg of a pOT2 vec-
tor/CG3428 cDNA clone (LD34623) by using XhoI and BglII
restriction enzymes. We used 1 mg of purified CG3654 RT-PCR prod-
ucts and 2 mg of digested CG3428 EST plasmid in in vitro transcription
reactions with the genius RNA kit (Boehringer Manheim) in accordance
with the supplier’s instructions to produce both sense and antisense
probes. In situ hybridizations were performed with 3 ml of digoxyge-
nin-labeled probe on fixed stage 13 embryos of all genotypes tested,
in accordance with a standard protocol. Digoxygenin was detected
by an alkaline phosphatase-coupled digoxygenin antibody (Roche,
used at a 1:4000 dilution) and colorimetric reaction with 5-bromo-4-
chloro-3-indolyl-b-D-galactosidase (Roche) and nitroblue tetrazolium
chloride (Roche), in accordance with a standard protocol.
Transient Transfections and Immunoprecipitations
S2 cells were transiently transfected with Effectene (QIAGEN) accord-
ing to the supplier’s instructions. SkpA expression was induced with
0.7 mM CuSO4 at 24 hr posttransfection. Cells were harvested 48 to
72 hr after transfection and lysed in 50 mM Tris HCl (pH 7.4), 150
mM NaCl, 1 mM EDTA, 1.0% Triton-X, and Complete EDTA-free pro-
tease inhibitor (Roche). The lysate was centrifuged at 10,000 g in
a microcentrifuge for 30 min, and the supernatant was added to EZ
view HA beads (Sigma). Purified material was resolved by SDS Page
on 4%–15% gel (Biorad). In western blots, antibodies were used as fol-
lows: rat anti-HA 1:2,000 (Roche), HRP-conjugated anti-V5 1:5,000
(Invitrogen), guinea pig anti-SkpA 1:4,000 (a kind gift of T. Murphy,
Carnegie Institution of Washington, Baltimore, MD, USA, and B. Duro-
nio, University of North Carolina, Chapel Hill, NC, USA), biotinylated
Immunity
Engulfment-Specific Drosophila Pall-SCF Complexanti-rat 1:2,000 (Vector Labs), biotinylated anti-guinea pig 1:2,000
(Vector labs), and HRP-streptavadin 1:2,000 (Amersham).
High-Pressure Freezing and Freeze Substitution
Staged embryos were placed in 1.2 mm diameter flat specimen
carriers, covered with a yeast paste, and transferred to the EMPACT
high-pressure freezer (Leica Microsystems UK) to be frozen as de-
scribed by (Studer et al., 2001). The specimens were then transferred
under liquid nitrogen to a Leica AFS freeze substitution unit, precooled
to 90C. The samples were freeze substituted in 1% osmium tetrox-
ide (crystals, TAAB), 0.4% uranyl acetate in extra-dry acetone (Fisher
Scientific) for 5 hr at 90C before being warmed to 0C at a rate of
5C per hr. The samples were then incubated in extra-dry acetone
for 1 hr at 0C, warmed to 20C over 1 hr, and incubated for a further
hour in extra-dry acetone. After two 10 min incubations in propylene
oxide, the samples were infiltrated in Epon 812:propylene oxide (1:1)
for 1 hr; this was followed by two 2 hr changes of freshly made Epon
812, at room temperature. Embryos were embedded in coffins before
being baked overnight at 60C.
Electron Microscopy
Ultrathin sections cut on an Ultracut UCT ultramicrotome (Leica Micro-
systems UK) were poststained with lead citrate and observed with
a transmission electron microscope (Tecnai G2 Spirit, FEI, The Nether-
lands). Images were captured with a Morada CCD camera (Olympus
Soft Imaging Systems), with iTEM software.
Supplemental Data
Additional Experimental Procedures and four figures are available at
http://www.immunity.com/cgi/content/full/27/4/585/DC1/.
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